Background Insulin resistance and other cardio-metabolic risk factors predict increased risk of depression and decreased response to antidepressant and mood stabilizer treatments. This proof-of-concept study tested whether administration of an insulin-sensitizing peroxisome proliferator-activated receptor (PPAR)-c agonist could reduce bipolar depression symptom severity. A secondary objective was to determine whether levels of highly sensitive C-reactive protein and interleukin (IL)-6 predicted treatment outcome. Methods Patients (n = 34) with bipolar disorder (I, II, or not otherwise specified) and metabolic syndrome/insulin resistance who were currently depressed (Quick Inventory of Depressive Symptoms [QIDS] total score C11) despite an adequate trial of a mood stabilizer received open-label, adjunctive treatment with the PPAR-c agonist pioglitazone (15-30 mg/day) for 8 weeks. The majority of participants (76 %, n = 26) were experiencing treatment-resistant bipolar depression, having already failed two mood stabilizers or the combination of a mood stabilizer and a conventional antidepressant.
Introduction
Previous research has identified a link between cardio-metabolic illnesses, mood symptoms, and response to psychotropic medications. Type-2 diabetes mellitus (T2DM) [1] , the metabolic syndrome [2, 3] , and visceral adiposity [4] are associated with the development of clinically significant depression, while insulin resistance is correlated with greater depression severity [5, 6] . In addition, bipolar depressive episodes accompanied by cardio-metabolic illness appear more refractory to mood stabilizer treatment [7] . Focusing on this shared pathophysiology that uniquely links cardio-metabolic disease with the development of abnormal mood states [8, 9] , we hypothesized in 2009 that reducing insulin resistance may lead to an improvement in depressive symptom severity [8] .
Pioglitazone is an insulin sensitizer commonly used in the treatment of T2DM that reduces insulin resistance by activating peroxisome proliferator-activated receptors (PPARs), with greatest specificity for PPAR-c. Central nervous system PPARs regulate insulin-sensitizing effects in peripheral tissues [10] and are also hypothesized to influence mood and behavior.
Inflammatory Activation and Insulin Resistance have the Potential to Modulate Mood
Several inflammatory biomarkers, including highly-sensitive C-reactive protein (hs-CRP), interleukin (IL)-6, and tumor necrosis factor (TNF)-a are commonly elevated in depressed patients with bipolar disorder [11] . Data indicate that inflammatory cytokines can reduce the concentration of tryptophan and other monoamine precursors through activation of enzymes such as 2,3-dioxygenase, shifting conversion of tryptophan from serotonin into kynurenine and generating neuroactive metabolites that can significantly influence the regulation of dopamine and glutamate [12] . Inflammatory cytokines have also been shown to inhibit neurogenesis through the activation of nuclear factor jb (NF-jb), a pathway concurrently implicated in the pathogenesis of hepatic insulin resistance [13] [14] [15] . In a subset of patients, each of these inflammatory processes appears to contribute significantly to the development and maintenance of major depressive episodes. However, inflammatory pathways are not the primary mechanistic targets of conventional mood stabilizers. Given that PPARc agonists inhibit the expression of inflammatory genes and modulate oxidative stress-sensitive pathways [16] , both of which are mechanisms implicated in the pathophysiology of depression, the role of PPAR-c agonists as potential antidepressant therapies warrants further study [11] . Changes in insulin resistance may also modulate mood by influencing the release and reuptake of monoamine neurotransmitters [17] . Diet-induced insulin resistance produces profound effects on nigrostriatal neurons by attenuating dopamine release and uptake [18] . Insulin also acts as a neuromodulator, influencing presynaptic regulation of dopamine transporter function in the nucleus accumbens [19] . In addition, evidence points to an underlying abnormality of mitochondria in bipolar disorder, resulting in sustained oxidative stress and impaired neuronal function. Resistance to insulin signaling impairs synaptic plasticity by making neurons energy deficient and more vulnerable to oxidizing free radicals, further potentiating oxidative stress and altering dopamine signaling events [20] . Pharmacologic agents that improve insulin sensitivity have therefore been hypothesized to possess antidepressant properties [8, 21] .
Antidepressant-Like Effects of Pioglitazone in Murine Models
Animal studies using the forced swimming test (FST) and tail suspension test have identified PPAR-c agonists as possessing antidepressant-like activity [22, 23] . In mice, the immobility time in the FST was significantly decreased after pioglitazone administration [23] , an effect that was reversed when a PPAR-c antagonist was administered. In addition, the co-administration of non-effective doses of pioglitazone and an N-methyl-D-aspartate (NMDA) antagonist, as well as a non-effective dose of N(G)-nitro-L-arginine methyl ester (L-NAME), a non-specific nitric oxide (NO) synthase inhibitor, significantly reduced immobility time. Together, these findings implicate alterations in nuclear receptors, the nitrergic system, and NMDA receptors as partial mediators of the antidepressant-like changes associated with administration of PPAR-c agonists [8, 24] .
Demonstrating Clinical Proof-of-Concept for PPAR-c Agonists in Bipolar Depression
The identification of novel mechanisms for treating bipolar depression is an urgent unmet need, as major depressive episodes dominate the course of bipolar disorder and generally represent the most debilitating dimension of the illness [13, 25] . Despite the substantial morbidity associated with bipolar depression, there exist few pharmacologic treatments effective at treating this pole of the disorder. Currently, quetiapine, lurasidone, and the combination of olanzapine and fluoxetine are the only medications approved by the US FDA for the treatment of bipolar depression [26] [27] [28] [29] [30] . However, atypical antipsychotics are often encumbered by cardio-metabolic side effects, including the potential to induce hyperlipidemia, hyperglycemia, and T2DM [9, 31] . We have previously reported that treatment with pioglitazone in patients with major depressive disorder (MDD) accompanied by metabolic syndrome was associated with improvement in mood [24] . Sepanjnia et al. [32] , in a doubleblind, placebo-controlled trial found the combination of pioglitazone and citalopram rapidly improved depressive symptoms to a greater extent than citalopram alone, even among patients without metabolic syndrome or T2DM.
Extending upon these findings, the present study demonstrates proof-of-concept for pioglitazone to modulate mood in patients with bipolar disorder experiencing a major depressive episode insufficiently responsive to a mood stabilizer. The ability of PPAR-c agonists to improve insulin sensitivity and reduce inflammation is well documented [16] . PPAR-c ligands have been shown to inhibit TNF-a, IL-6, and IL-1b expression in monocytes, and PPARs negatively regulate the transcription of inflammatory response genes by antagonizing the activator protein-1 and NF-jb signaling pathways [16, 33] . Therefore, we measured inflammatory markers (e.g. IL-6) and parameters of insulin resistance throughout the study to determine if these variables were associated with change in depression severity, the primary outcome of interest. In so doing, we sought to identify novel neurobiological mechanisms relevant to depression and generate potential new targets for antidepressant efficacy.
Methods
Proof of concept was investigated in an 8- Revision (DSM-IV-TR) criteria for the diagnosis of bipolar disorder (I, II, or not otherwise specified) and metabolic syndrome (see below), and who were currently experiencing a major depressive episode without psychotic features were eligible for inclusion in the study. A current diagnosis of bipolar depression was confirmed using the Mini-International Neuropsychiatric Interview (MINI) [34] . Participants were required to have a patient-rated, 16-item QIDS [35] score C11 and to meet criteria for metabolic syndrome as established by the National Cholesterol Education Program's Adult Treatment Panel III [36] or proxy criteria for insulin resistance as evidenced by two or more of the following: body mass index (BMI) C28, fasting blood glucose C100 mg/dl, triglycerides C150 mg/ dl, or triglyceride/high-density lipoprotein (HDL)-cholesterol ratio C3.0. Patients were excluded if they had an unstable medical condition, were taking insulin or rosiglitazone, met criteria for dependence on alcohol or drugs within 3 months prior to enrollment, had a history of heart failure, or had clinically relevant manic symptoms as defined by a Young Mania Rating Scale score C15.
Study Medication
Pioglitazone tablets were obtained from Takeda Pharmaceuticals. During conduct of the study, pioglitazone became available as a generic preparation and was subsequently obtained from Amerisource-Bergen. Open-label pioglitazone was administered as adjunctive therapy to one or more mood stabilizers (aripiprazole, carbamazepine, divalproex, lamotrigine, lithium, olanzapine, quetiapine, risperidone, or ziprasidone) over 8 weeks and initiated at 15 mg daily in a single dose. After 4 weeks, a dose titration of pioglitazone to 30 mg daily was permitted. Dose changes of the mood stabilizer or any concomitant psychotropic medications were not permissible either within 4 weeks of receiving pioglitazone or during the study itself. Receipt of lorazepam or zolpidem for anxiety or insomnia was permitted.
Efficacy Evaluations
Clinical assessments were conducted at baseline and then at weeks 1, 2, 3, 4, 6, and 8. Efficacy was measured using the mean change from baseline to week 8 on the clinicianadministered 30-item Inventory of Depressive Symptomatology (IDS-C30) [35] . Secondary analyses included an assessment of anxiety symptoms by the Structured Interview Guide for the Hamilton Anxiety Scale (SIGH-A) [37] , global symptom severity by the Clinical Global Impressions (CGI) scales for change and severity of illness [38] , self-assessment of depression symptom severity by the QIDS [35] , and functional disability by the Sheehan Disability Scale (SDS) [39] .
Medical and Laboratory Assessments
A detailed medical and psychiatric history was performed, including a physical examination, where anthropometric measurements were obtained such as height, weight, and waist circumference. Laboratory assessments were conducted at baseline, week 4, and study endpoint (week 8) and consisted of a basic chemistry panel, complete blood count, thyroid and liver function tests, fasting lipid profile, and urine toxicology for drugs of abuse. Women of childbearing potential had urine pregnancy tests at study inception and used two forms of medically accepted birth control throughout the trial. Adverse events were elicited by both spontaneous report and direct verbal query. Insulin sensitivity was estimated by the Insulin Sensitivity Index (ISI) [40] derived from an oral glucose tolerance test as well as by the homeostasis model assessment of insulin resistance (HOMA-IR), a widely used surrogate measure that is calculated by (fasting insulin [lU/ml]) 9 (fasting glucose [mg/dl]) 7 22.5 [41] . The serum IL-6 concentration was measured by quantitative sandwich enzyme immunoassay (RnD Systems Inc.). All samples were assayed in duplicate. Inter-assay and intra-assay coefficients of variation were reliably less than 8 %.
Statistical Analyses
Simple descriptive statistics (mean ± standard deviation [SD]) were obtained for the patients' demographic and baseline clinical characteristics. The data were log transformed where necessary to satisfy the normality assumption required by the statistical test. The primary and secondary efficacy analyses were performed on the intentto-treat (ITT) population, which included all patients who took at least one dose of study medication and had at least one post-baseline efficacy assessment. The primary a priori endpoint was symptom severity as assessed by the change from baseline to final assessment in the IDS-C30 total scores. The outcome measures CGI severity and total scores on the IDS-C30, SIGH-A, QIDS, and SDS were analyzed using mixed-model repeated-measures (MMRM) regression analysis. In the MMRM models, patient was treated as a random effect and visit week as a fixed effect. Either unstructured or first-order auto-regressive matrices were specified as the appropriate structure for the variancecovariance matrix used to describe the relationship among the time (visit week) data points. Means and SDs or standard errors are reported. Eight-week changes from baseline were assessed using linear contrasts on the MMRM models. Overall mean change in cardio-metabolic and inflammatory biomarkers were calculated for each patient and analyzed for statistical significance using a level set at a = 0.05. Analyses were also conducted on the effect of baseline inflammatory status as assessed by plasma IL-6 concentration on change in depression severity over time, as well as change in depression severity over time by change in inflammatory status from baseline to weeks 4 and 8. The effects of inflammatory markers and insulin resistance on antidepressant outcome to pioglitazone were tested using linear mixed models fitted with maximum likelihood and linear regression models. A two-tailed p value B0.05 was considered statistically significant; p values were not adjusted for multiplicity of comparisons. Response was defined as a C50 % reduction in IDS-C30 or QIDS total score. Remission was defined as an IDS-C30 total score B12 or QIDS total score B5, respectively. Data were analyzed using SAS software (SAS for Windows, version 9.2, SAS Institute Inc., Cary, NC, USA).
Results

Patients and Disposition
A total of 67 patients consented for participation in the study; 33 were either ineligible or chose not to participate (Fig. 1) . A total of 34 participants were enrolled and received open-label pioglitazone; the mean daily dose of pioglitazone was 27.4 ± 5.8 mg (range 15-30 mg/day). A summary of baseline demographic and clinical characteristics is presented in Table 1 . Of participants, 56 % (n = 19) were female and 71 % (n = 24) were Caucasian. Lifetime generalized anxiety disorder was diagnosed in 74 % (n = 25) of participants, 56 % (n = 19) had a lifetime history of an alcohol use disorder, and 76 % (n = 26) of subjects were considered treatment resistant, having already failed at least two mood stabilizers or the combination of a mood stabilizer and a conventional antidepressant during the current episode [42, 43] . Two (6 %) patients discontinued due to increased activation/irritability that was possibly related to pioglitazone. A total of 26 (76 %) participants completed the entire 8 weeks of the study.
Efficacy at 8 Weeks
Pioglitazone significantly reduced symptoms of depression across both clinician-and patient-rated assessments of depression severity ( Table 2 ). The total mean IDS-C30 score decreased from 38.7 ± 8.2 at baseline to 21.2 ± 9.2 at endpoint (p \ 0.001). Self-reported assessments of depression symptom severity reflected a similar improvement; mean QIDS scores decreased from 16.1 ± 3.4 at baseline to 8.9 ± 5.0 (p \ 0.001). Anxiety symptoms decreased significantly according to the SIGH-A total score, decreasing from a mean of 19.0 ± 6.1 at baseline to 8.9 ± 5.0 (p \ 0.001). The mean CGI-BP severity score also decreased from 4.6 ± 0.5 to 2.7 ± 1.3 (p \ 0.001). The categorical response criteria were met by 38 % (n = 13) of patients on both the IDS-C30 and QIDS at the acute phase endpoint. Remission of depressive symptoms was achieved by 24 % (n = 8) of patients on both the IDS-C30 and the QIDS. Functional disability also improved significantly over the course of 8 weeks as measured by the baseline to endpoint change on the SDS (-17.9 ± 3.6; p \ 0.001).
When analyzing baseline to endpoint change among only those participants who completed the entire study (n = 26) as compared with the ITT sample (n = 34), Cohen's d effect sizes were similar as measured by the IDS-C30 (1.7 vs. 1.8, respectively) and QIDS (1.7 vs. 1.5, respectively).
Inflammatory Biomarkers
Levels of inflammatory cytokines decreased over 8 weeks of treatment with pioglitazone, including a significant reduction in hs-CRP (-3.03 ± 2.14; p \ 0.01) as reported in Table 3 . A trend was observed for the mean decrease from baseline to week 8 in the concentration of IL-6 (-0.42 ± 0.46 pg/ml; p = 0.06). The Spearman correlation coefficient revealed a significant positive relationship between the overall change in IDS-C30 total score and change from baseline in IL-6 (r = 0.44, p \ 0.01). Moreover, the linear MMRM analyses revealed a significant effect of change in IL-6 (p = 0.008) on change in the primary outcome of IDS-C30 total score. A linear regression model also indicated that higher levels of baseline IL-6 were related to a greater decrease in IDS-C30 total scores over the course of the 8-week study (parameter estimate b = -3.89, SE = 1.47, p = 0.015). No significant correlations were observed between changes in hs-CRP or TNF-a and change in IDS-C30 total score. In a linear regression model, no association was identified between hs-CRP, ISI, or HOMA-IR and change in depression severity. 
Glucose and Lipid Metabolism
Effects of pioglitazone on anthropometric measurements, glucose, lipoproteins, and inflammatory biomarkers are shown in Table 3 . Patients experienced a significant decrease from baseline in fasting plasma glucose (-7.7 ± 3.8 mg/dl; p = 0.01). Insulin sensitivity assessed by the ISI increased significantly by 40 % over 8 weeks (0.98 ± 0.3; p \ 0.001). The fasting lipid profile analyses showed a significant reduction in triglycerides (-46.2 ± 14.8; p \ 0.01) from baseline to the week 8 endpoint.
Concentrations of adiponectin, a protein hormone involved in glucose regulation, increased nearly twofold, from 7.6 to 14.1 lg/ml over 8 weeks.
Treatment-Emergent Adverse Events
The most common adverse events were dizziness, irritability, increased appetite, and peripheral edema; each occurred in 11.7 % (n = 4) of participants. No participants developed clinically significant weight gain (C7 % body weight). The mean body weight of patients increased nonsignificantly by 0.26 ± 2.9 kg (p = 0.91) over 8 weeks.
Discussion
In an effort to uncover a novel treatment to stabilize mood from below baseline in bipolar disorder [44] , we focused on the overlapping pathophysiology that links inflammatory activation and insulin resistance with depressed mood (Fig. 2) . In this proof-of-concept study, we report for the first time putative evidence of efficacy and safety of the PPAR-c agonist pioglitazone in acute bipolar depression.
The trial results indicate significant improvement in depressive symptoms following 8 weeks of pioglitazone treatment. Additionally, pioglitazone was associated with improvement in fasting glucose, triglycerides, and total body insulin resistance. Analyses exploring potential mechanisms of antidepressant action suggest that blood levels of the IL-6 cytokine (a biomarker of inflammation) may be mechanistically involved in the mood-modulating properties of pioglitazone. Baseline levels of IL-6 predicted treatment outcome, with higher IL-6 associated with greater improvement on the IDS-C30. In addition, reduction in IL-6 was significantly correlated with greater improvement in depressive symptoms, such that participants who experienced larger decreases in IL-6 also had a larger reduction in depression severity scores.
In contrast to our finding that associated higher baseline IL-6 with a larger decrease in depression severity with pioglitazone treatment, prior studies have identified higher levels of IL-6 to be associated with poorer response to antidepressants [45, 46] . These findings may indicate that pioglitazone preferentially relieves depression in patients with higher levels of IL-6, who may have presumably failed traditional mood stabilizers directly or indirectly because of an elevation in inflammation. Rethorst et al. [47] recently postulated this effect in patients receiving exercise augmentation for MDD, where patients with high TNF-a levels experienced more rapid improvement in depression severity.
Change in levels of adiponectin may also represent a mechanism that partially accounts for the antidepressant effect observed in this study. Adiponectin is an adipocytederived hormone with anti-inflammatory and insulin-sensitizing properties, linking together the immune system with cardio-metabolic factors that are known to be associated with depression. Recent studies have identified reduced levels of adiponectin in human subjects with major depression [48] , while in animal models, disruption of the adipocytokine signaling pathway appears to be a critical component of the manifestation of depressive-like behaviors. As an example, in a social-defeat stress model of depression, a reduction in adiponectin levels resulted in increased susceptibility to anhedonia, social aversion, and learned helplessness. In contrast, exogenous administration of adiponectin resulted in antidepressant-like behavioral effects in both normal-weight and obese diabetic mice [49] . Consistent with prior reports that PPAR-c agonists can increase plasma levels of adiponectin by two-to threefold [50, 51] , adiponectin concentrations nearly doubled in the present study and may represent one mechanism to compensate for the elevation of inflammatory parameters observed in patients with bipolar disorder [52] . In this sample of predominantly treatment-resistant patients, a protocol-defined response occurred in 38 % (n = 13) of participants, and 24 % (n = 8) met criteria for remission. Although these response and remission rates are lower than observed in traditional placebo-controlled trials that apply strict eligibility criteria, the outcomes are comparable to more generalizable populations with bipolar disorder who, like participants in the present study, suffer from comorbid anxiety disorders, substance use disorders, and general medical conditions. In addition, over 74 % (n = 24) of the enrolled population met criteria for treatment-resistant bipolar depression, having already failed two mood stabilizers or the combination of a mood stabilizer and an antidepressant [42, 43] . Recovery rates in such patients are remarkably low. For example, in a trial conducted by the Systematic Treatment Enhancement Program for Bipolar Disorder (STEP-BD) of patients who had not responded to the combination of a mood stabilizer and a conventional antidepressant, recovery rates with open-label lamotrigine and risperidone were 24 and 5 %, respectively [43] . These outcomes confirm the chronic and enduring quality of bipolar depressive episodes and underscore the need for novel therapies with unique mechanisms of action.
Rather than worsening the cardio-metabolic milieu as often occurs with currently marketed agents for the treatment of bipolar depression, pioglitazone appears to decrease cardio-metabolic risk. Pioglitazone-treated patients experienced a significant reduction in total cholesterol, fasting triglycerides, and hs-CRP, a biomarker of inflammation implicated in the risk of both first incident and recurrent cardiovascular events [53] . These effects on the atherogenic profile may account for the observed reduction in all-cause mortality, non-fatal myocardial infarction, and stroke when pioglitazone was administered to patients with T2DM and macrovascular disease [54] .
Overall, pioglitazone was very well tolerated, with no serious adverse events reported. Although weight gain has been observed with pioglitazone in studies of T2DM [55] , the increase in body weight in the present trial averaged 0.26 kg, a non-significant difference from baseline. Metabolic abnormalities in patients with mood disorders present clinicians with a challenging situation, as existing treatments for bipolar depression (i.e. quetiapine and olanzapine-fluoxetine combination) are associated with an increased risk for weight gain, hyperglycemia, and dyslipidemia [31] . In contrast, the preliminary findings from this study suggest that pioglitazone may reduce depression severity and simultaneously mitigate the worrisome cardiometabolic risks that affect more than one-third of the population with bipolar disorder. Consistent with National Institute of Mental Health (NIMH) initiatives, the clinical insights gained from this pilot investigation may be an example of how to speed the drug discovery process by repurposing an existing drug rather than requiring the discovery of a new clinical entity [56] .
Strengths of the present study include enrollment of a broadly representative population of patients with bipolar disorder, administration of validated measures of depressive symptomatology, and use of a structured clinical interview to diagnose bipolar depression. Use of a frequently sampled oral glucose tolerance test provided a more definitive method to quantify insulin sensitivity and is more accurate than the minimal model technique [57] .
Unlike HOMA-IR, the ISI does not assume that hepatic and peripheral insulin sensitivity are equivalent [40] . Consistent with the ISI being a more robust measure of insulin sensitivity, a significant improvement in insulin sensitivity was observed using the ISI that was not observed with HOMA-IR. A known action of pioglitazone is to increase insulin sensitivity in peripheral tissues, including adipose tissue, skeletal muscle, and liver. Whether such a phenomenon occurs in the central nervous system and whether such an effect mediates the observed response of depression to pioglitazone requires further study.
The results of this study should also be interpreted in the context of several limitations. These data are uncontrolled and open-label. The sample size was small and may have led to underestimation of potential side effects that could emerge when pioglitazone is administered to a large population with bipolar depression. Additional studies are needed to replicate the mechanistic finding that improvement in depression severity may result from a decrease in the concentration of IL-6. Pioglitazone may have been under-dosed, as 30 mg daily was the maximum permitted BMI body mass index, DBP diastolic blood pressure, FPG fasting plasma glucose, HDL-C high-density lipoprotein cholesterol, HOMA-IR homeostasis model assessment of insulin resistance, hsCRP high-sensitivity C-reactive protein, IL interleukin, ISI Insulin Sensitivity Index, LDL-C low-density lipoprotein cholesterol, LS least squares, SBP systolic blood pressure, SD standard deviation, SEM standard error of least squares mean, TC total cholesterol, TGs triglycerides, TNF tumor necrosis factor dose, whereas the approved dosing for T2DM extends to 45 mg daily. It is not known whether pioglitazone has mood stabilizing properties or results in a bimodal response, managing not only the manifestations of depression but also manic and mixed phases of the illness. However, such trials are warranted as there was little evidence of switching or exacerbation of manic symptoms in this cohort.
Conclusion
We present evidence that suggests intervention with the PPAR-c agonist pioglitazone was associated with clinically meaningful reductions in depression severity in predominantly treatment-refractory patients with bipolar depression. Reduction in symptom severity was directly correlated with a decrease in levels of IL-6, suggesting that anti-inflammatory activity may partially account for the observed antidepressant response, representing a novel mechanism of mood modulation. In total, these data support the conduct of larger, placebo-controlled trials to fully delineate the role of pioglitazone in the treatment of patients with bipolar depression.
Funding This study was funded in part by the Cleveland Foundation, the National Alliance for Research on Schizophrenia and Depression (NARSAD; now known as the Brain and Behavior Research Foundation), and National Institutes of Health (NIH) grant 1KL2RR024990 to Dr. Kemp. Study medication was partially supplied by Takeda Pharmaceuticals. The project described was supported by Grant Number UL1 RR024989 from the National Center for Research Resources (NCRR), a component of the NIH. The content of this article is solely the responsibility of the authors and does not necessarily represent the official view of NCRR or NIH. Fig. 2 Proposed pathways by which insulin resistance mediates the development and maintenance of depressive symptoms. The figure illustrates the pathways by which factors associated with insulin resistance are conceptualized to mediate the development and maintenance of depressive symptoms. A chronic, low-grade inflammatory state within visceral adipose tissue contributes to insulin resistance through activation of inflammatory signaling cascades within immune cells (e.g. macrophages) [58, 59] . In addition, reduced secretion of adiponectin by adipocytes directly lowers insulin sensitivity and is inversely correlated with depression severity [48, 60] . Although cortisol serves to inhibit the inflammatory response, over-activation of the HPA-axis in response to stress leads to visceral adiposity and further disruption of hepatic glucoregulatory mechanisms. Additionally, insulin resistance leads to alterations in dopamine release and oxidative damage to pancreatic beta-cells and the brain. Insulin resistance is reversed within the central nervous system and periphery through activation of brain PPAR-c. By attenuating insulin resistance, inducing neuroprotection, and decreasing inflammation, PPAR-c activation is hypothesized to modulate mood. AKT protein kinase B, CRH corticotropin-releasing hormone, GL6P glucose 6-phosphate, HPA hypothalamic-pituitary-adrenal axis, IL-6 interleukin-6, IRS insulin receptor substrate, NF-jB nuclear factor kappa B, NMDA N-methyl-D-aspartate, PPAR peroxisome proliferator activated receptor, ROS reactive oxygen species
